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METHODS OF REDUCING THE PERMEABILITIES 
OF HORIZONTAL WELL BORE SECTIONS 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

[0001] The present invention relates to methods of temporarily reducing the permeability 

of one or more selected sections of a subterranean formation penetrated by a horizontal 
well bore and when required, restoring the permeability of the selected sections. 

2. DESCRIPTION OF THE PRIOR ART 

[0002] The drilling of horizontal well bores from existing well bores has improved the 

production capacity of the wells. In addition, the drilling of horizontal well bores from 
existing well bores brings about lower drilling costs, reduced capital expense and higher 
percent recovery of oil and gas. 

[0003] In order to control the production rates from different segments of horizontal 

wells or from different horizontal well bores, sophisticated completion hardware has 
heretofore been installed such as horizontal well bore flow control apparatus, sensors, 
data transmission devices, wireless remote control apparatus, pressure monitoring 
devices and the like. While the installation of such hardware for production rate control 
has definite advantages in deep off-shore wells where the use of conventional techniques 
are very expensive, more economical means of production rate control are needed in on- 
shore wells and other shallow wells that include horizontal well bores. A problem that 
often occurs in the production of hydrocarbons from horizontal well bores in producing 
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zones is that the portion of the subterranean formation penetrated by the heel of the 
horizontal well bore often experiences higher draw-down pressure than the other 
portions of the well bore including the toe. The term "heel" refers to the portion of the 
horizontal well bore where the well bore begins its curvature to horizontal and the term 
"toe" refers to the end portion of the horizontal well bore. As a result of the higher 
draw-down pressure in the heel portion, higher production rates result from the heel 
portion than from the other portions of the well bore when the entire horizontal well bore 
is produced. This leads to higher hydrocarbon production rates from the heel portion 
which in turn may lead to early water break-through. Consequently, the full production 
potential of the other portions of the horizontal well bore in the producing zone may 
never be realized. 

[0004] Other problems that are often encountered in subterranean producing zones 

penetrated by horizontal well bores include the inability to control production from 
sections of varied permeability in the subterranean zone, the inability to eliminate cross- 
flows in the horizontal well bore and the inability to achieve zonal isolation in the well 
bore. 

[0005] Thus, there are needs for improved methods utilizing chemical processes for 

reducing the permeabilities of selected sections of horizontal well bores or of the entire 
lengths of the well bores and for restoring the permeabilities when desired. 
SUMMARY OF THE INVENTION 

[0006] The present invention provides improved methods of reducing the permeabilities 

of horizontal well bore sections and restoring the permeabilities thereof when required 
which meet the needs described above and overcome the deficiencies of the prior art. 



[0007] The improved methods of this invention for temporarily reducing the 

permeabilities of one or more selected sections of a subterranean formation penetrated 
by a horizontal well bore and the flow of water or water and hydrocarbons or 
hydrocarbons therefrom comprises the following steps. An aqueous treating fluid 
comprising water and a water-soluble formation permeability reducing agent selected 
from the group consisting of a hydrophobically modified water-soluble polymer, a 
hydrophilically modified water-soluble polymer and a hydrophobically modified water- 
soluble polymer comprising polar heteroatoms within the polymer backbone is prepared 
or provided. The aqueous treating fluid containing a water-soluble formation 
permeability reducing agent is introduced into the one or more selected sections so that 
the permeabilities and flows of water or water and hydrocarbons or hydrocarbons 
therefrom are reduced. When required thereafter, the one or more selected sections can 
be restored by contacting the sections with an aqueous treating fluid comprising water 
and a formation permeability restoring chemical. 

[0008] The objects, features and advantages of the present invention will be readily 

apparent to those skilled in the art upon a reading of the description of preferred 
embodiments which follows. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

[0009] The present invention provides methods of temporarily reducing the permeability 

of one or more selected sections of a subterranean formation penetrated by a horizontal 
well bore and thereby reducing the flow of water or water and hydrocarbons therefrom. 
The term "water" when used in reference to the water produced with hydrocarbons from 
subterranean formations includes salt water and brines. 



[0010] Horizontal well bores penetrating subterranean formations increase the well bore 

penetration in the hydrocarbon bearing formations and increase the production of 
hydrocarbons therefrom. A problem that is often encountered in formations including 
one or more horizontal well bores is that the section of the well bore closest to the heel 
of the well bore often experiences higher draw-down pressure than the sections of the 
well bore closest to the toe of the well bore. This situation leads to higher production 
rates from the heel portion of the well bore than in other sections of the well bore which 
may lead to early water break through in the heel section. This in turn can result in less 
than the full production potential of the toe section being realized. Thus, in subterranean 
formations containing horizontal well bores, problems are often encountered due to the 
inability to control the production from sections of varied permeability in the 
subterranean zone, the inability to eliminate cross-flows in the horizontal well bore and 
the inability to achieve zonal isolation in the well bore. These problems are solved by 
the methods of the present invention. 

[0011] A method of this invention for reducing the permeability of one or more selected 

sections of a subterranean formation penetrated by a horizontal well bore and the flow of 
water or water and hydrocarbons or hydrocarbons therefrom comprises the following 
steps. An aqueous treating fluid comprising water and a water-soluble formation 
permeability reducing agent is prepared or provided. The water-soluble formation 
permeability reducing agent is selected from the group consisting of a hydrophobically 
modified water-soluble polymer, a hydrophilically modified water-soluble polymer and 
hydrophobically modified water-soluble polymer comprising polar heteroatoms within 
the polymer backbone. The aqueous treating fluid containing the water-soluble 



formation permeability reducing agent is introduced into the one or more selected 
sections so that the permeabilities and flows of water or water and hydrocarbons or 
hydrocarbons therefrom are reduced. 

[0012] Another method of this invention for temporarily reducing the permeability of one 

or more selected sections of a subterranean formation penetrated by a horizontal well 
bore and the flow of water or water and hydrocarbons or hydrocarbons therefrom 
comprises the following steps. A first aqueous treating fluid comprising water and a 
water-soluble formation permeability reducing agent is prepared or provided. The 
water-soluble formation permeability reducing agent is selected from the group 
consisting of a hydrophobically modified water-soluble polymer, a hydrophilically 
modified water-soluble polymer and a hydrophobically modified water-soluble polymer 
comprising polar heteroatoms within the polymer backbone. The first aqueous treating 
fluid containing the water-soluble formation permeability reducing agent is introduced 
into the one or more selected sections so that the permeabilities and flows of water or 
water and hydrocarbons or hydrocarbons therefrom are reduced. Thereafter when 
required, the one or more selected sections are contacted with a second aqueous treating 
fluid comprising water and a formation permeability restoring chemical 

[0013] The water-soluble formation permeability reducing agents that can be utilized in 

accordance with this invention include hydrophobically modified water-soluble 
polymers, hydrophilically modified water-soluble polymers and hydrophobically 
modified water-soluble polymers comprising polar heteroatoms within the polymer 
backbones. 
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[0014] The hydrophobically modified water-soluble polymers useful in accordance with 

this invention can comprise the reaction product of a hydrophilic reactive polymer and a 
hydrophobic compound. 

[0015] Hydrophilic reactive polymers suitable for use are preferably polymers containing 

reactive amino groups in the polymer backbone or as pendant groups. A more preferable 
such polymer contains dialkyl amino pendant groups. Most preferably, the polymer 
contains a dimethyl amino pendant group and contains at least one monomer selected 
from dimethylaminoethyl methacrylate or dimethylaminopropyl methacrylamide. 
Examples of such polymers include, but are not limited to, polyethyleneimine, 
polyvinylamine, poly(vinylamine/vinyl alcohol), chitosan, polylysine and alkyl acrylate 
polymers in general. Additional examples of alkyl acrylate hydrophilic reactive 
polymers include polydimethylaminoethyl methacrylate, polydimethylaminopropyl 
methacrylamide, poly(acrylamide/dimethylaminoethyl methacrylate), 

poly(acrylamide/dimethylaminopropyl methacrylamide), poly(acrylic 

acid/dimethylaminoethyl methacrylate). The most preferred polymers are 
polydimethylaminoethyl methacrylate and polydimethylaminopropyl methacrylamide. 

[0016] Preferred hydrophobic compounds suitable for use in the present invention 

include, but are not limited to, alkyl halides. Preferably, the alkyl chain portion of the 
hydrophobic compound has from about 4 to about 30 carbon atoms. A particularly 
preferred hydrophobic compound is cetyl bromide. 

[0017] Additional hydrophobically modified water-soluble polymers can be prepared 

from a variety of hydrophilic monomers and hydrophobically modified hydrophilic 
monomers. Examples of particularly suitable hydrophilic monomers that can be utilized 
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include, but are not limited to, acrylamide, 2-acrylamido-2-methyl propane sulfonic acid, 
N,N-dimethylacrylamide, vinyl pyrrolidone, dimethylaminoethyl methacrylate, acrylic 
acid, dimethylaminopropyl methacrylamide, vinyl amine, vinyl acetate, 
trimethylammoniumethyl methacrylate chloride, methacrylamide and hydroxyethyl 
acrylate. Of these, acrylamide, 2-acrylamido-2- methyl propane sulfonic acid, acrylic 
acid, dimethylaminoethyl methacrylate, dimethylaminopropyl methacrylamide and vinyl 
pyrrolidone are preferred. 

[0018] Various hydrophobically modified hydrophilic monomers can be utilized to form 

the polymers of this invention. Particularly suitable hydrophobically modified 
hydrophilic monomers include, but are not limited to, alkyl acrylates, alkyl 
methacrylates, alkyl acrylamides and alkyl methacrylamides wherein the alkyl radicals 
have from about 4 to about 30 carbon atoms, alkyl dimethylammoniumethyl 
methacrylate bromide, alkyl dimethylammoniumethyl methacrylate chloride and alkyl 
dimethylammoniumethyl methacrylate iodide wherein the alkyl radicals have from 4 to 
about 30 carbon atoms and alkyl dimethylammoniumpropyl methacrylamide bromide, 
alkyl dimethylammoniumpropyl methacrylamide chloride and alkyl 
dimethylammoniumpropyl methacrylamide iodide wherein the alkyl groups have from 
about 4 to about 30 carbon atoms. Of these, octadecyldimethylammoniumethyl 
methacrylate bromide, hexadecyldimethylammoniumethyl methacrylate bromide, 
hexadecyldimethylammoniumpropyl methacrylamide bromide, 2-ethylhexyl 
methacrylate and hexadecyl methacrylamide are preferred. 

[0019] The polymers that are useful in accordance with the present invention can be 

prepared by polymerizing any one or more of the hydrophilic monomers with any one or 



more of the hydrophobically modified hydrophilic monomers. Methods for preparing 
such polymers are known to those skilled in the art as represented by U.S. Patent No. 
6,476,169 issued to Eoff, et al. on November 5, 2002 which is incorporated herein by 
reference thereto. 

[0020] Suitable hydrophobically modified water-soluble polymers have estimated 

molecular weights in the range from about 100,000 to about 10,000,000 and have mole 
ratios of the hydrophilic monomers to the hydrophobically modified hydrophilic 
monomers in the range of from about 99.98:0.02 to about 90:10. Particularly suitable 
such polymers that have molecular weights and mole ratios in the ranges set forth above 
include, but are not limited to, acrylamide/octadecyldimethylammoniumethyl 
methacrylate bromide copolymer, dimethylaminoethyl 

methacrylate/hexadecyldimethylammoniumethyl methacrylate bromide copolymer, 
dimethylaminoethyl methacrylate/vinyl pyrrolidone/hexadecyldimethylammoniumethyl 
methacrylate bromide terpolymer and acrylamide/2-acrylamido-2-methyl propane 
sulfonic acid/2-ethylhexyl methacrylate terpolymer. Of these, a dimethylaminoethyl 
methacrylate/hexadecyldimethylammoniumethyl methacrylate bromide copolymer 
having a mole ratio of hydrophilic monomer to hydrophobically modified hydrophilic 
monomer of 95:5 is a preferred hydrophobically modified water-soluble polymer. 

[0021] When used, the hydrophobically modified water-soluble polymers are present in 

the first aqueous treating fluid in an amount in the range of from about 0.01% to about 
10% by weight of the first aqueous treating fluid. 

[0022] The hydrophilically modified water-soluble polymers useful in accordance with 

the methods of this invention are the reaction products of a hydrophilic reactive polymer 
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and a hydrophilic compound. Hydrophilic reactive polymers suitable for use in the 
aqueous solutions of the current invention are preferably polymers containing reactive 
amino groups in the polymer backbone or as pendant groups. A more preferable 
polymer contains dialky amino pendant groups. Most preferably the polymer contains a 
dimethyl amino pendant group and contains at least one monomer selected from 
dimethylaminoethyl methacrylate or dimethylaminopropyl methacrylamide. Examples 
of such polymers include, but are not limited to, polyethyleneimine, polyvinylamine, 
poly(vinylamine/vinyl alcohol), chitosan, polylysine and alkyl acrylate polymers in 
general. Additional examples of alkyl acrylate polymers include, 
polydimethylaminoethyl methacrylate, polydimethylaminopropyl methacrylamide, 
poly(acrylamide/dimethylaminoethyl methacrylate), 
poly(acrylamide/dimethylaminopropyl methacrylamide) and poly(acrylic 
acid/dimethylaminoethyl methacrylate). The most preferred polymers are 
polydimethylaminoethyl methacrylate and polydimethylaminopropyl methacrylamide. 
[0023] Additional polymers useful in forming hydrophilically modified water-soluble 

polymers are preferably prepared from a variety of hydrophilic monomers 
copolymerized with monomers containing reactive amino groups. Examples of 
particularly suitable hydrophilic monomers which can be utilized include, but are not 
limited to, acrylamide, 2-acrylamido-2-methyl propane sulfonic acid, N,N- 
dimethylacrylamide, vinyl pyrrolidone, acrylic acid, vinyl acetate, 
trimethylammoniumethyl methacrylate chloride, methacrylamide and hydroxyethyl 
acrylate. Of these, acrylamide, 2-acrylamido-2-methyl propane sulfonic acid, acrylic 
acid, and vinyl pyrrolidone are preferred. 
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[0024] The hydrophilic compounds suitable for reaction with the hydrophilic reactive 

polymers include halogen containing polyalkoxides. Examples of such polyalkoxides 
include polyethylene glycol, polypropylene glycol, polybutylene glycol, and mixtures 
thereof. The preferred halogen containing polyalkoxide is an epichlorohydrin terminated 
polyethylene glycol methyl ether. 

[0025] Suitable hydrophilically modified water-soluble polymers have estimated 

molecular weights in the range of from about 100,000 to about 10,000,000 and have 
weight ratios of the hydrophilic polymer to the halogen containing polyalkoxides in the 
range of from about 1:1 to about 10:1. Particularly suitable polymers having molecular 
weights and mole ratios in the ranges set forth above include, but are not limited to, the 
reaction product of polydimethylaminoethyl methacrylate with epichlorohydrin 
terminated polyethylene glycol methyl ether, the reaction product of 
poly(dimethylaminoethyl methacrylate/acrylamide) with epichlorohydrin terminated 
polyethylene glycol methyl ether, the reaction product of polydimethylaminopropyl 
methacrylamide with epichlorohydrin terminated polyethylene glycol methyl ether, and 
the reaction product of poly(dimethylaminopropyl methacrylamide/acrylamide) with 
epichlorohydrin terminated polyethylene glycol methyl ether. Of these, a 
polydimethylaminoethyl methacrylate epichlorohydrin terminated polyethylene glycol 
methyl ether reaction product having a mole ratio of polydimethylaminoethyl 
methacrylate to epichlorohydrin terminated polyethylene glycol methyl ether of 3:1 is 
preferred. 
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[0026] When used, the hydrophilically modified water-soluble polymers are present in 

the first aqueous treating fluid in an amount in the range of from about 0.01% to about 
10% by weight of the first aqueous treating fluid. 

[0027] The hydrophobically modified water-soluble polymers comprising polar 

heteroatoms within the polymer backbone are the reaction products of hydrophilic 
polymers comprising polar heteroatoms within the polymer backbones and hydrophobic 
compounds such as hydrophobic alkyl halide compounds. The polymers may also 
comprise at least one reactive amino group in the polymer. Suitable polymers include 
homopolymers, copolymers or terpolymers including, but not limited to, water-soluble 
polysaccharides such as cellulose, starch, polyetheramines, polyhydroxyetheramines, 
polyamides and polysulfones. For example, a suitable water-soluble polysaccharide is 
formed by reacting a starch, such as corn, maize, waxy maize, potato, tapioca, and the 
like with the reaction product of epichlorohydrin and trialkylamine. 

[0028] The polar heteroatoms in the hydrophobically modified water-soluble polymers 

comprising heteroatoms in the polymer backbone can be one or more of oxygen, 
nitrogen, sulfur and phosphorous. 

[0029] The hydrophobic compounds that are capable of reacting with the hydrophilic 

reactive polymers comprising polar heteroatoms within the polymer backbone include, 
but are not limited to, alkyl halides, sulfonates, sulfates, and organic acid derivatives. 
Examples of suitable organic acid derivatives include, but are not limited to, octenyl 
succinic acid, dodecenyl succinic acid and anhydrides, esters and amides of octenyl 
succinic acid or dodecenyl succinic acid. In certain exemplary embodiments, the 



hydrophobic compounds may have an alkyl chain length of about 4 to about 30 carbon 
atoms. A preferred hydrophobic compound is cetyl bromide. 

[0030] The reaction of the hydrophilic reactive polymer comprising polar heteroatoms 

and the hydrophobic compound yields the hydrophobically modified water-soluble 
polymer. When the hydrophobic compound is an alkyl halide, the term 
"hydrophobically modified" includes the quatemization of at least some of the 
hydrophilic reactive polymer amino groups with the alkyl halide, the alkyl chain length 
being from about 4 to about 30 carbon atoms. Typically, the hydrophobically modified 
polymer has a molecular weight in the range of from about 100,000 to about 10,000,000. 

[0031] When used, the hydrophilically modified water-soluble polymers comprising 

polar heteroatoms within the polymer backbones are present in the first aqueous treating 
fluid in an amount in the range of from about 0.1% to about 10% by weight of the first 
aqueous treating fluid. 

[0032] The components of the water-soluble formation permeability reducing agents of 

this invention can be pre-reacted and combined with the first aqueous treating fluid or 
they can be combined with the first aqueous treating fluid and reacted in-situ. When the 
. water-soluble formation permeability reducing agents are reacted in-situ, a shut-in period 
of several minutes to several hours may be required for the reaction to take place. 
Generally, the down-hole temperature determines the length of the shut-in period 
required. 

[0033] As will be understood by those skilled in the art, the first treating fluid can include 

various additional components such as gelling agents, surfactants, pH adjusting agents 
and the like. 
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[0034] As mentioned above, when it is required to restore the permeability of the one or 

more selected sections in which the permeability and the flow of water or water and 
hydrocarbons therefrom have been reduced in accordance with this invention, a 
formation permeability restoring chemical is combined with a second aqueous treating 
fluid and the second aqueous treating fluid is introduced into the one or more selected 
sections whereby the permeabilities thereof are restored. The permeability restoring 
chemicals that can be utilized include, but are not limited to, alkali, alkaline earth and 
transition metal salts of periodate, hypochlorite, perbromite, chlorite, chlorate, hydrogen 
peroxide, peracetic acid, soluble peroxide salts, persulfate salts, percarboxylate acids, 
oxyhalo acids and mixtures thereof The preferred permeability restoring chemical for 
use in accordance with this invention is sodium hypochlorite. The permeability restoring 
chemical is generally added to the second aqueous treating fluid in an amount in the 
range of from about 1% to about 25% by weight of the second aqueous treating fluid. 

[0035] A preferred method of this invention for reducing the permeability of one or more 

selected sections of a subterranean formation penetrated by a horizontal well bore and 
the flow of water or water and hydrocarbons or hydrocarbons therefrom comprises the 
steps of: (a) preparing or providing an aqueous treating fluid comprising water and a 
water-soluble formation permeability reducing agent selected from the group consisting 
of a hydrophobically modified water-soluble polymer, a hydrophilically modified water- 
soluble polymer and a hydrophobically modified water-soluble polymer comprising 
polar heteroatoms within the polymer backbone; and (b) introducing the aqueous treating 
fluid containing the water-soluble formation permeability reducing agent into the one or 
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more selected sections so that the permeabilities and flows of water or water and 
hydrocarbons or hydrocarbons therefrom are reduced. 

[0036] Another preferred method of this invention for temporarily reducing the 

permeability of one or more selected sections of a subterranean formation penetrated by 
a horizontal well bore and the flow of water or water and hydrocarbons or hydrocarbons 
therefrom and restoring the permeability and flow when required comprises the steps of: 
(a) preparing or providing a first aqueous treating fluid comprising water and a water- 
soluble formation permeability reducing agent selected from the group consisting of a 
hydrophobically modified water-soluble polymer, a hydrophilically modified water- 
soluble polymer and a hydrophobically modified water-soluble polymer comprising 
polar heteroatoms within the polymer backbone; (b) introducing the first aqueous 
treating fluid containing the water-soluble formation permeability reducing agent into 
the one or more selected sections so that the permeabilities and flows of water or water 
and hydrocarbons or hydrocarbons therefrom are reduced; and (c) when required, 
contacting said one or more selected sections with a second aqueous treating fluid 
comprising water and a formation permeability restoring chemical. 

[0037] In order to further illustrate the methods of the present invention, the following 

example is given. 

EXAMPLE 

[0038] A multi-pressure tap Hassler sleeve containing a sandstone core was utilized to 

determine the water permeability reduction produced by a copolymer of 
dimethylaminoethyl methacrylate/hexadecyldimethylammoniumethyl methacrylate 
bromide. The same core was utilized to determine the ability to restore the permeability 
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of the core using sodium hypochlorite. The tests were run at a temperature of 200°F 
utilizing a brine containing 9% by weight sodium chloride and 1% by weight calcium 
chloride. The following procedure was used for this series of tests, the results of which 
are provided in Table L The above-described brine was flowed through the core, 
followed by oil (kerosene), followed by brine. This third brine flow was maintained 
until the pressure stabilized, yielding an initial brine permeability. Next, a 6000 ppm 
polymer treatment solution was flowed into the core. Next, the brine flow was 
reestablished until the pressure stabilized, yielding a final permeability from which the 
brine permeability % reduction was calculated using the formula [1 -(final 
permeability/initial permeability)] x 100. The multi-pressure tap Hassler sleeve allowed 
the core permeability to be divided into four segments. In the tests, the initial brine flow 
was from segment 1 to segment 4. The treatment solution flow was from segment 4 to 
segment 1, and the final brine flow was from segment 1 to segment 4. Data is presented 
for segments 2 and 3 only, which show that the polymer did penetrate into the core and 
did not simply plug off as it entered the core at segment 4. The results of the tests are 
provided below in Table I. As shown, the polymer was very effective in reducing the 
permeability of the core to brine. 

Next, a solution containing 5% sodium hypochlorite and 1.8% sodium hydroxide 
was flowed into the core, and the core was shut in overnight. The next day brine flow 
was reestablished until the pressure stabilized, and the brine permeability % reduction 
was again calculated. As shown in Table I, the sodium hypochlorite almost totally 
restored the original permeability of the core, illustrating that the effect of the polymer 
treatment can be removed. 
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TABLE I 



Treatment 
Concentration 
(ppm) 


Initial 
Permeability 
(md) 


Treatment 
Volume 
(ml) 


Total 
Reduction 
(%) 


Segment 2 
Reduction 

(%) 


Segment 3 
Reduction 

(%) 


6,000 
polymer 
solution 


875 (Sor) 


500 


85 


85 


85 


5%NaOCI + 
1.8%NaOH 


875 (Sor) 


25 


2 


-25 


-20 



[0040] Thus, the present invention is well adapted to carry out the objects and attain the 

ends and advantages mentioned as well as those which are inherent therein. While 
numerous changes may be made by those skilled in the art, such changes are 
encompassed within the spirit of this invention as defined by the appended claims. 

[0041] What is claimed is: 
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